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POLYMFBTT ^JPRTfll S 

This Invention relates to novel polymeric materials, to 
processes for their production and to devices Incorporating said 
materials. 

All known engineering materials have a positive Polsson 
ratio, I.e. they contract laterally when stretched and expand 
05 laterally when compressed. Materials having a negative Polsson 
ratio have been postulated as being theoretically possible but 
only Isolated examples have been reported. Recently, 1n 
USP 4668557 the preparation of a foamed material having a 
negative Polsson ratio has been reported. These materials are 
produced by compressing conventional open cell foam material 
under conditions which produce a permanent deformation of the 
structure of the material. 

He have now discovered a further class of materials which 
exhibit a negative Polsson ratio. This class comprises materials 
15 having a mlcrostructure comprising finite sized particles which 
are conventionally termed nodes connected by fibrils wherein the 
mlcrostructure Is such that the application of a tension 1n one 
direction causes the nodes to be displaced In the transverse 
direction. This displacement produces the expansion In the 
transverse direction which Is the characteristic of materials 
having a negative Polsson ratio. The discovery enables a variety 
of polymers to be produced 1n a form which exhibits a negative 
Polsson ratio and In consequence exhibit a large shear modulus 
relative to their bulk modulus. Appropriate selection of the 
25 polymer enables materials to be produced whtch combine this with 
superior mechanical properties such as the Youngs modulus. This 
combination of properties can be exploited 1n a variety of useful 
devices. 

From one aspect our Invention provides polymeric materials 
30 having a mlcrostructure comprising nodes Interconnected by 
fibrils which are characterised In that they exhibit a negative 
Polsson ratio and have a Youngs modulus of at least 0.2 GPa. 



20 



WO 91/01210 



PCT/GB90/01081 



05 



- 2 - 

The materials of this invention may be formed from any 
polymer which Is capable of being produced In a form having a 
mlcrostructure comprising nodes and fibrils. The polymer must be 
sufficiently ductile to form fibrils when expanded, e.g. by 
drawing and yet must retain the particulate mlcrostructure which 
provides the nodes. Not all ml crostructures comprising nodes and 
fibrils provide a material having a negative Polsson ratio and 
the conditions necessary to produce any particular polymer In a 
form having the desired mlcrostructure may need to be determined 
10 by experiment. 

We have Identified classes of mlcrostructure which are 
preferably present In the materials of this Invention. In a 
first preferred embodiment the materials comprise a 
mlcrostructure comprising finite sized particles (nodes) 
15 connected by fibrils wherein the length of the fibrils Is greater 
than the shortest distance between the nodes which they connect 
and wherein the distance between adjacent nodes which are not 
connected by fibrils is less than maximum distance between 
fibrils connected to a particular node. 

This first type of mlcrostructure 1s Illustrated 1n Figure 1 
which 1s a cross sectional sketch of such a mlcrostructure. The 
nodes are represented as cross hatched spheres and the fibrils by 
the solid lines. Figure 1 Illustrates the mlcrostructure prior 
to the application of a tension 1n the direction of the x axis. 
25 Figure 2 represents the same cross section after the 
application of a tension along the x axis (not drawn to scale). 
The fibrils are now taut and the nodes have been displaced 1n the 
direction of the y axis. It Is this displacement which gives 
rise to the negative Polsson ratio. 
30 A second class of mlcrostructure which can give rise to a 

material having a negative Polsson ratio 1s one in which the 
nodes are anisotropic. The useful mi crostructures are those In 
which the nodes are aligned In such a way that their longer 
dimension lies 1n the direction of the axis of the material and 
35 wherein the nodes are connected by fibrils which are longer than 
the distance between the nodes which they connect. 
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Such a microstructure Is Illustrated 1n Figure 3 which 1s a 
cross-sectional sketch of such a microstructure. The nodes are 
shown as cross-hatched discoid areas connected by fibrils which 
are represented by solid lines. 
05 Figure 3(a) shows a structure In which the nodes are close 

together and aligned so that their longest dimension lies along 
the x axis. Figure 3(b) shows that following the application of 
a tension along the x axis, the distance between the nodes 
measured along the x axis has Increased. At the same time there 
10 has been some expansion along the y axis by virtue of an 
interaction between the nodes and fibrils of the type described 
in relation to Figures 1 and 2. Figure 3(c) shows how the 
continued application of the tension has caused the nodes to 
rotate so that their longest dimension Is displaced toward the y 
15 axis. This rotation produces the negative Polsson ratio as each 
"layer" of nodes displaces the adjacent "layer" along the y 
axis. Figure 3(d) represents the limiting case 1n which the 
nodes have rotated so that their longest dimension 1s now aligned 
with the y axis. 

20 It will be appreciated that sketches 1 to 3 are two 

dimensional representations which Illustrate possible mechanisms 
whereby the polymers of this Invention may exhibit a negative 
Polsson ratio. In practice the polymers are three dimensional 
and may well exhibit a microstructure which 1s not uniform. 
25 It Is characteristic of the materials of this Invention that 

they exhibit a negative Polsson ratio, I.e. that expansion In the 
direction of an applied tensile force Is accompanied by an 
expansion in the transverse direction, in this specification all 
values of Polsson ratio are expressed 1n terras of the effective 
Polsson ratio, I.e. the ratio of the compressive strain measured 
In the transverse direction to the tensile strain in the 
direction of the applied tension before that tension 1s released. 

The materials of this Invention may be Isotropic or 
anisotropic. For Isotropic materials the minimum Polsson ration 
35 which can be achieved Is minus 1. For anisotropic materials the 
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minimum Polsson ratio may be moch smaller (at least In one 
direction). The materials may exhibit a ratio which 1s close to 
the theoretical limit of minus the square root of the ratio of 
the maximum Youngs modulus of the material divided by Us minimum 

05 Youngs modulus and such materials may be preferred in particular 
applications. The materials of this Invention preferably exhibit 
a Polsson ratio of less than minus 0.25 and preferably one which 
is less then minus 0.75 although for the anisotropic materials 
ratios of as low as minus 10 or minus 12 are attainable and may 

10 be preferred. y 

The materials of this invention may be formed from any 
suitable polymer which can be processed to a form having a 
suitable mlcrostructure. He prefer to utilise a particulate 
thermoformable polymer as the starting material and to deform a 
15 compacted polymer material under controlled conditions The 
polymer should be sufficiently ductile so as to enable It to be 
deformed under conditions which result In the formation of 
fibrils and yet retain the particulate mlcrostructure which forms 
the nodes. Examples of suitable materials include poly- 
tetrafluoroethylene and copolymers thereof, polyolefins and 
copolymers thereof especially polyethylene and copolymers thereof 
and particularly high molecular weight polyethylene 
polypropylene and copolymers thereof, polystyrene and poly(meth)- 
acrylates. 
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The size of the nodes In the mlcrostructure may vary through 
a wide range say a maximum dimension of from 0.1 pm to 0 1 mm 
The ratio of the fibril length to the length of the maximum 
dimension of the node should preferably be greater than 1 and 
more usually will be within the range 1.1:1 to 2.0:1. 

The polymer from which the materials of this invention are 
formed will be selected so as to provide the desired properties 
Preferably the polymer selected will result in the formation of a 
material having a Youngs Modulus of at least 1.0 GPa. The 
materials also preferably have a density of at least 150Kgm-3 and 
35 more preferably at least SOOKgnr 3 . 
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The polymeric materials of this Invention may Incorporate a 
filler such as asbestos, carbon black, mica, silica or titanium 
dioxide. Many examples of compounds used as fillers in polymeric 
mat-rials are known in the art. Such a filler is preferably 
05 Incorporated into the material by mixing with the polymer 
particles prior to the processing step which 1s required In order 
to produce the appropriate mlcrostructure. It Is also possible 
to modify the properties of the polymerised material of the 
Invention by Impregnating It with a liquid phase comprising a 
monomer or prepolymer for example methyl methacrylate and 
subsequently polymerising that monomer or prepolymer. This 
Impregnation may be carried out before or after the processing 
step. 

The mlcrostructure of the materials and hence their 
15 properties may also be Influenced by the form of the polymer from 
which they are produced. In particular where the materials are 
produced from particulate polymer granules the general shape of 
the particles tends to be retained by the nodes in the 
mlcrostructure. Thus the use of spherical polymer particles 
20 tends to result In a mlcrostructure having broadly spherical 
nodes. 

The materials may be formed by a process which comprises 
compacting the polymer particles at elevated temperatures and 
pressures and deforming the compacted polymer. Thus from a 
25 further aspect this Invention provides a process for the 
production of a polymeric material having a mlcrostructure 
comprising nodes Interconnected by fibrils which exhibits a 
negative Polsson ration which comprises compacting a particulate 
polymeric material and deforming the polymer so as to cause 1t to 
30 expand 1n at least one direction. 

The compaction step preferably comprises heating a mass of 
polymer particles to a temperature of at least 50°C and more 
usually at least 90*C. Polymers which have a melting point above 
these temperatures are preferred for present use. Generally the 
temperature shr-ild be within 50'C and more preferably within 20«C 
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of the pelting point of the polymer. The force applied may vary 
through a wide range, say from l.o to 100 MPa. The polymer 
shou d preferably be subjected to these conditions for a period 
which 1s sufficiently long to allow the entire mass to attain a 
05 thermal equilibrium. 

Thereafter, the polymers are deformed by expansion in at 
least one direction until the desired mlcrostructure is 
obtained. The deformation may be carried out using techniques 
known in the polymer art such as extrusion drawing or draw 
assisted extrusion. The deformation Is preferably carried out at 
elevated temperatures say of at least SO'C and more usually of at 
least 100'C. The polymers may conveniently be produced using 
conventional polymer extrusion equipment. The polymer powder or 
granules may be introduced Into the barrel of the extruder. They 
are then conveniently formed Into a compacted rod by compression 
preferably at elevated temperature. Thereafter the polymer may 
be extruded through a die. The diameter of the die the 
temperature at which the polymer 1s extruded and the speed at 
which the polymer is extruded may all Influence the 
20 mlcrostructure of the polymer. The rate of deformation of the 
polymer should be sufficient to result In the production of the 
desired mlcrostructure. Too low a rate may not be useful and 
typically for polyethylene an extrusion rate of greater than 250 
or more preferably 500 mm/mln may be utilised. The optimum 
conditions for each polymer may be established by experiment. In 
general the temperature of the polymer during the extrusion will 
be at least as high as that used m the compaction step and 
preferably the temperature may be Increased before extrusion 
commences. Thereafter the extruded material 1s allowed to cool 
to ambient temperature. The mlcrostructure of the polymer may be 
examined using conventional techniques such as scanning electron 
microscopy. If the polymer does not exhibit the desired 
mlcrostructure the polymer may be subjected to a further 
processing step which comprises compressing the polymer In a 
direction which Is perpendicular to the original draw direction. 
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Such cor-resslc 1s preferably carried out whilst the drawn 
polymer is maintained at an elevated temperature generally at 
least 50-C and preferably at least 90'C. Hhere particular 
materials do not exhibit the desired ralcrostructure the 
parameters of the drawing process may need to be adjusted. 

The mlcrostructure of the drawn material may not be uniform. 
It may comprise regions where the Polsson ratio 1s higher or even 
takes a positive value. Nevertheless such materials may be 
useful on various applications provided that they exhibit a 
negative Polsson ratio In at least one direction. The 
materials produced by the process may already be fully drawn out 
1n that direction. Such materials will not exhibit a negative 
Polsson ratio but may do so following a compression step as 
described above. Partially drawn materials may also be 
15 compressed If desired. The compression may remove all traces of 
the mlcrostructure from the material but 1t 1s characteristic of 
the materials of this Invention that the changes brought about by 
compression are at least partially reversible and the 
mlcrostructure may be at least partially restored by extension in 
20 the original draw direction. 

The materials of this Invention find potential use In a 
variety of applications. They can for example be used to seal a 
cavity since a plug formed from a material having a negative 
Polsson ratio will expand laterally when stretched. They also 
25 find use 1n applications wherein compliance of dimension under 
stress Is desirable, e.g. as the Interior filler for structural 
sandwich panels and for shock and vibration absorption. The 
materials may also find use 1n a variety of medical applications. 

The use of polymeric materials having a negative Polsson 
ratio in devices 1n which they are subject to an applied tension 
compression or shear loading is believed to be novel and 
constitutes a further aspect of this invention. 

The Invention Is illustrated by the following Example. 

Example 1 

35 The barrel of a laboratory manufactured compacted powder 
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extruder was filled with an ultra high molecular weight 
polyethylene powder sold under the Trademark Hostalen GUR 415 by 
Hoechst (UK) Ltd. of Salisbury Road, Middlesex. The extruder was 
fitted with a blank die and preheated to a temperature of 110'C 
The barrel. Internal diameter 1 cm and length 8 cm. and contents 
were allowed to equlllbrlate for 10 minutes. The plunger was 
then driven Into the barrel by a Schenk mechanical testing 
machine at a rate of 20 mm/m1n until a force of 7.31 kN was 
reached. These conditions were maintained for 20 minutes. The 
10 result was a compacted polyethylene rod. 

The extruder was then fitted with a die having a diameter 
of 5 mm and an entry angle of 45\ The temperature was 
maintained at 160«C for a further 20 minutes. The plunger was 
then driven Into the barrel at a rate of 500 mm/mln. The 
extrudate comprised a rod having the appearance shown In Figure 4. 

The Polsson ratio of the extrudate was determined by applying 
compressive strains in the directions Indicated in Figure 4. 
Photographs were taken of the specimen before and after 
compression was applied. From the change in dimensions measured 
from the photographs the Polsson ratio was calculated as the 
ratio of compressive strain transverse to loading direction to 
tensile strain along loading direction. The load was released 
and the compression repeated up to six times. The results for 
eight specimens each prepared by the above experimental procedure 
25 were as follows: 

A- Compression In di recti nn 1 
Specimen Hn T ] 

Section No. Pois son's ratio for 

1st compression 2nd compression 

30 1 -1-00 _o.71 

2 o.oo o.OO 

3 -0-50 _2.07 

4 -0.69 _K37 

5 "2-47 .4.35 
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Specimen No- 2 
Section No. 

1 
2 
3 
4 
5 
6 

Specimen No. 3 
Section No. 



- 9 - 

Pols son's ratio for 
1st compression 
-1.21 
0.00 
-1.11 
0.00 
0.00 
-1.00 

Pols son's ratio for 
1st compression 2nd compression 





1 


0.00 


0.00 




2 


-0.48 


I -0.21 


15 


3 


0.00 


] 0.23 




4 


0.00 


-0.29 




5 


-0.73 


0.00 




Specimen No. 4 - 


ft) left hand end 






Section No 


Polsson's r>t1o for 


20 




1st compression 




1 




-2.22 




2 




-0.58 




3 




0.00 




4 




-1.50 


25 


5 




-0.62 






b) middle section 






Section No. 


Pols son 


' s ratio for 






1st compression 


2nd compression 




1 


-0.96 


0.00 


30 


2 


0.00 


-1.13 




3 


0.00 


-0.32 




4 


-0.46 


-1.00 




5 


-0.74 


-0.43 




6 


-0.34 


-0.47 


35 


7 


0.00 


-0.52 
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c) right hand end 
Section No. Polsson's ratio for 

1st compression 

1 0.00 

2 -0.81 

3 -0.49 

N.B. This specimen was split Into three parts as 1t was too long 
to be tested 1n one piece. 
Specimen No. 5 

Pois son's ratio for compression No. 



Section No. 


1 


2 


3 


4 




C 

O 


1 


-0.31 


-0.18 


-0.27 


0.00 




0.00 


2 


0.00 


0.00 


0.00 


0.00 




0.00 


3 


-0.41 


0.00 


0.00 


-0.18 




-0.19 


4 


-0.23 


-0.20 


-0.32 


-0.35 




-0.25 


5 


-0.45 


-0.39 


-0.64 


-0.53 




-0.47 


6 


-0.43 


-0.45 


-0.57 


-0.18 




-0.52 


SDedmen No. fi 
















Polsson's ratio for compression No. 




Section No. 


1 2 


3 


4 


5 


6 




1 -0.13 -0.26 


-0.49 


-0.24 


-0.61 - 


■0.26 




2 0.00 0.00 


0.00 


0.00 


-0.64 


0.00 




3 0.00 0.00 


0.00 


0.00 


0.00 


0.00 




4 -0.20 -0.28 


-0.34 


-0.28 


-0.25 - 


0.19 




5 -0.16 -0.31 


-0.26 


-0.66 


-0.31 - 


•0.30 




6 -0.20 -0.27 


-0.34 


-0.29 


-0.36 - 


0.25 





B. Compression 1n direction 7 
Specimen tin. 7 
Section No. 



1 



Polsson's ratio for 
1st compression 2nd compression 

-0.05 -0.06 
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Specimen No. fi 

Section No. Polsson's ratio for 

1st compression 2nd compression 

1 0.00 -0.04 

05 2 +0.19 +0.22 

3 +0.03 +0.05 
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CLAIMS 

1. A polymeric material having a microstroke comprising nodes 
Interconnected by fibrils which 1s characterised In that it has a 
negative Polsson ratio and a Young's modulus of at least 0.2 GPa 

2. A material according to Claim 1 characterised In that the 
polymer 1s selected from the group comprising homo of co-polymers 
of poly tetrafluoroethylene, homo and copolymers of polyoleflns 
polystyrene and poly (meth)acry late. 

3. A material according to Claim 2 characterised in that the 
polymeric material Is a homo or copolymer of polyethylene. 

4. A material according to Claim 3 characterised in that the 
polymeric material is a ultra-high molecular weight polyethylene 

5. A material according to any of Claims 1 to 4 characterised In 
that 1t comprises a filler. 

6. A material according to any of Claims 1 to 5 characterised In 
15 that It has a Young's modulus of at least 1 . 0 GPa 

7. A material according to any of the preceding claim 
characterised in that it has a density of at least 150 k gg-3. 

8. A process for the production of a material according to any 
of Claims 1 to 7 wherein a polymer mass is deformed at elevated 
temperature and the desired ml crostructure Is produced. 

9. A process according to Claim 8 characterised in that the 
deformation Is carried out by extrusion drawing or draw assisted 
extrusion. 

10. A process according to either of Claims 8 or 9 characterised 
In that the polymer mass Is drawn at an elevated temperature. 

11. A process according to Claim 10 characterised In that the 
temperature is at least 100*C. 

12. A process according to any of Claims 8 to 11 characterised in 
that the drawing 1s effected by the extrusion of the polymer 

30 through a die. 

13. A process according to any of Claims 8 to 12 characterised in 
that the polymer mass to be deformed 1s formed by a process of 
compacting polymer particles and maintaining the compacted mass 
at an elevated temperature. 
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14. A process according to Claim 13 characterised in that the 
compacted mass 1 5 maintained at a temperature of at least 90*C. 

15. A process according to either of Claims 13 or 14 
characterised m that the mass Is maintained at a temperature 
which Is within SO'C of the melting point of the polymer. 

16. A process according to any of Claims 13 to 15 characterised 
in that the polymer mass 1s formed by compaction at a pressure of 
from 1.0 to 100 MPa. 

17. A process according to any of Claims 13 to 16 characterised 
In that the pressure 1s maintained throughout the period in which 
the mass 1s maintained at an elevated temperature. 

18. A process according to any of Claims 8 to 17 characterised In 
that the deformed polymer Is subsequently subject to a 
compression 1n a direction which 1s perpendicular to the draw 

15 direction. 

19. The use of a polymeric material having a mlcrostructure which 
comprises nodes Interconnected by fibrils and a negative Polsson 
ratio in devices In which the polymer 1s subjected to an applied 
tension compression or shear loading. 
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